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Preface
Sanitation is one of the most important topics included in Sustainable Developing Goals 
(SDGs), while many actors pay for a lot of effort for solving it. The SDGs report 2018 showed 
that only about 40% of people in the world can access to safely managed sanitation systems. 
Moreover, 2.3 billion people especially in South Asia, Oceania, and Sub-Sahara Africa, lacked 
even basic sanitation that only remove excreta from living spaces, and 892 million people 
continued practicing open defecation. The report also requires more financial resources and 
technical capacity to develop sustainable capital infrastructure. Thus, it is necessary to present 
sanitation attractive for increasing investment from the private sector. The discussions relating to 
an evaluation of the value of sanitation for all actors and the development of the chain of value 
are major goals of the Sanitation Value Chain.  
This special issue contains three original articles to introduce insights of evaluation of peoples’ 
acceptance of fecal compost for agricultural application via composting toilet, a proposal of new 
production system for excreta-based fertilizer, and the latest elemental technology for sustainable 
membrane treatment.  
We sincerely hope that this issue on the technical aspects of the Sanitation Value Chain can 
benefits researchers and actors working on the challenging topics of solving sanitation problems. 
We would like to appreciate all authors who contributed peer-reviewed articles to this special 
issue. We also thank the great support of the editorial staff of the Sanitation Value Chain.
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Challenges and Potentials of Ecological Sanitation: 
Experiences from the Cases in Vietnam and Malawi
Hidenori HARADA1 and Shigeo FUJII1
1 Graduate School of Global Environmental Studies, Kyoto University, Japan
Abstract
The world’s sanitation systems must be up to the challenge of addressing the global crises of water shortages 
and food insecurity in the face of a growing population. To help address these problems, ecological 
sanitation (Ecosan), which typically involve the use of urine-diverting dry toilets (UDDTs) and the 
application of excreta in agriculture, can be employed. This paper discusses the challenges and potentials of 
the Ecosan approach in terms of 3 essential requirements—continuous defecation use, reduction of health 
risk, and use of excreta—by examining 3 cases of Ecosan use in Vietnam and Malawi. The experience with 
traditional Ecosan in rural Vietnam suggests that dry sanitation practices that apply Ecosan are effective at 
reducing fecal contamination in the surrounding water environment, thereby reducing the health risk from 
unavoidable accidental ingestion of contaminants. However, current sanitization processes involving the 
application of manure to agricultural products represent a significant health risk challenge. The experience 
with modern UDDTs in rural Vietnam suggests that they can be continuously used for defecation for long 
periods of time without intervention, while there remain major challenges to continuous use from physical 
damage to the UDDT structures. The proper management of fecal chambers can successfully control the 
offensive odors that are a source of wide concern. In rural Malawi, the introduction of modern UDDTs 
successfully fostered a demand for the use of feces by raising the perception of its value in agriculture and 
through an integration of the Ecosan project into an agricultural technology transfer program. Urine use, 
by contrast, did not gain a wide acceptance, suggesting that raising an awareness of the effects of urine on 
agriculture is a key challenge. Thus, although some challenges still need to be overcome, 3 cases of Ecosan 
showed bright potentials of the Ecosan approach from the 3 essential requirement.
Keywords: ecological sanitation, urine-diverting dry toilets, agriculture, health risk, Vietnam, Malawi
Introduction
Securing proper sanitation is vital to human health and dignity. Unfortunately, 2.3 billion people worldwide still 
lack access to basic sanitation services (WHO and UNICEF 2017). The United Nation’s Sustainable Development 
Goals include water and sanitation targets of securing adequate sanitation for all by 20301). However, there are at 
present no ideal solutions to ensuring global sanitation. 
Future sanitation solutions should also be compatible with solutions to the challenges of water shortage and 
food insecurity. This provides an opportunity for the implementation of sanitation approaches that utilize dry 
sanitation and the use of excreta with agriculture. Such approaches include ecological sanitation (Ecosan), which 
has been promoted for several decades (Esrey et al. 1998; Jonsson et al. 2004; Winblad and Simpson-Hébert 
1)    70/1. Resolution adopted by the General Assembly on 25 September 2015, “Transforming our World: The 2030 Agenda 
on Sustainable Development”, United Nations, 21 October 2015. https://www.un.org/en/development/desa/population/
migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf (Accessed July 4, 2019).
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2004; Werner et al. 2009). According to Winblad and Simpson-Hébert (2004), “[e]cological sanitation is based on 
three fundamental principles: preventing pollution rather than attempting to control it after we pollute; sanitizing 
the urine and the feces; and using the safe products for agricultural purposes.” Ecosan is typically implemented 
through the use of urine-diverting dry toilets (UDDTs), which do not use water and separate nutrient-rich urine 
from physically harmful feces to enable the use of the separated urine and sanitized feces for agriculture. 
Although many projects following the Ecosan approach have been implemented in developing countries, some 
have faced challenges in the initial acceptance of UDDT installation and in the continuous management of the 
UDDTs following installation (Drangert 2004; Jackson 2005; Uddin et al. 2014). Regardless of type, there are 
two essential toilet requirements: to provide a comfortable defecation space that can be continuously used (i.e., 
continuous defecation use); and to reduce health risk through toilet use (i.e., health risk reduction). Toilets using 
the Ecosan approach must meet these requirements and, unlike ordinary toilets such as water flush units or pit 
latrines, must be able to separate out human excreta for agriculture (i.e., excreta use). Typically, urine is used as 
liquid fertilizer while sanitized feces are used as manure for crops. Accordingly, a major challenge to the use of 
Ecosan is fecophobic attitudes reflecting a dislike of the use of excreta for agriculture.
This paper aimed to examine the challenges and potentials of Ecosan in terms of 3 essential requirements: 
continuous defecation use, health risk reduction, and excreta use. For this purpose, we re-examined 3 cases of 
Ecosan use in Vietnam and Malawi with which the authors were previously involved. The first case involves 
traditional Ecosan practices at a rural community in northern Vietnam in which traditional dry sanitation, including 
the use of UDDTs and the application of excreta to agriculture (Harada et al. 2016; Julian et al. 2018) was practiced. 
This case is used to discuss the health risk from fecal exposure through the long-term use of Ecosan. The second 
case involves the introduction by an NGO of UDDTs to a rural community in southern Vietnam in which excreta 
had not previously been used for agricultural (Harada et al. 2004a, b). This case is used to examine how the long-
term use of modern UDDTs affects continuous defecation use. The final case involves the introduction of similarly 
designed UDDTs in rural Malawi by the same NGO, a project that was successfully scaled up (Harada et al. 2018). 
This case is compared with the preceding case in Vietnam to examine the use of excreta. Finally, the challenges 
and potentials of Ecosan are examined based on the experiences obtained from the 3 cases.
1. Methodology
1.1. Case study A: Assessment of fecal exposure through traditional ecosan practices
Study area
The study area was located in northern Vietnam (Trai hamlet, Van Tu commune, Phu Xuyen district, Hanoi 
city; Figure 1). The area has a history of toilet use and the agricultural application of excreta (Pham et al. 2015; 
2017). Farming is a major occupation and, in the past, most residents engaged in fishery in a nearby river to obtain 
supplemental income. As a result of recent industrialization and urbanization processes, however, the river has become 
seriously polluted and many people have stopped fishing. General information on the hamlet is given in Table 1.
As of 2010, 56% of the households in the study area employed dry toilets (Figure 2), which treat excreta using 
drying agents such as ash and dry soils. Following several months retention in a toilet chamber, the resulting fecal 
mixture is used for agriculture. Some dry toilets use urine diversion, while others do not. Households with higher 
economic status tended to use water flush toilets. Through urbanization and industrialization, a large amount of 
water has been available and house buildings have had modern structure. Accordingly, traditional dry toilets have 
been gradually replaced by conventional water-flush toilets.
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Figure 1.  Project sites: Traditional use of human waste (Phu Xuyen district, Hanoi city);
NICCO Ecosan project (Lam Ha district, Lam Dong province).
Figure 2.  Urine diverting dry toilet at the Trai hamlet study site. 
(Taken by the author)
Table 1.  Summary of target hamlet statistics. (Data as of 2010, modified from Pham et al. 2017)
Information Unit Data
Population person 800
Household number household 240
Total area ha 56.1
Paddy field ha 52.6
Household income USD/month 98–147
Toilet type - -
Cistern flush toilet % 19
Pour flush toilet % 25
Dry toilet without urine diversion % 44
Dry toilet with urine diversion % 12
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Fecal contamination and fecal exposure assessment
Unsanitary conditions allow fecal matter to be emitted to the environment, causing contamination of the living 
and surrounding environment by fecal microorganisms and the potential exposure, via a number pathways, of 
humans to fecal pathogens through various fomites or media. Here, we discuss the impact of excreta use on human 
health in Trai hamlet, where people use dry feces from toilets for agriculture, based on the fecal contamination 
data and exposure trends in the hamlet uncovered by Harada et al. (2016) and Julian et al. (2018). 
We first briefly explain the methodology used to construct and carry out the fecal contamination survey 
and calculate exposure. Fecal contamination was defined in terms of the concentration of Escherichia coli in 
traditional dry and water flush toilet users for 10 fomites (n = 5–34), including drinking and environmental water, 
eating utensils, soils, human manure, and environmental water. Fecal exposure for traditional dry toilet users 
was re-assessed through the eight pathways identified by Harada, et al. (2016): intentional intake of drinking 
water, unintentional intake of non-drinking water during bathing, irrigation activities, swimming and fishing, 
unintentional intake of soil during agricultural activities, and unintentional intake from dining equipment such 
as bowls and chopsticks. E. coli was used as the fecal contamination indicator bacteria, with exposure to E. coli 
calculated as follows:
Doseday  =  ∑Ci × Fi,j × Ij             (1)
where Doseday is the E. coli dose per day (CFU/day), Ci is the concentration of E. coli in medium i {CFU/(unit 
media amount)}, Fi,j is the exposure factor, or unit intake amount of medium i during activity j {amount/(hour or 
count)}, and Ij is the intensity of activity j {(hour or count)/day}. The exposure factors and activity intensities used 
in the exposure calculations are listed in Table 2. Probability density functions (PDFs) defined based on survey 
results are listed in Table 3; using the PDFs, daily exposures to E. coli were stochastically estimated based on 
Monte Carlo simulations.
1.2. Case study B: Introduction of UDDTs in rural Vietnam
Study area
The project site was located at Dan Phuong commune, Lam Ha district, Lam Dong province in the central 
highlands of Vietnam (Figure 1), which has a tropical monsoon climate. A few households owned unsanitary 
simple pit latrine without slab, and most households had no toilet. People in the area had never experienced any 
use of human excreta for agriculture. In 2002, the total population at the project site was 491 across 84 households, 
of which 67 were ethnic minority families. Most of the households made a living from agriculture. Prior to the 
project, most of the population practiced open defecation and nearly 80% were infected with intestinal parasites 
(Kaku et al. 2004). The project site had hosted several community development projects sponsored by the Nippon 
International Cooperation for Community Development (NICCO), a Japanese NGO. At the request of the local 
residents, an Ecosan project was conducted by NICCO with the support of Kyoto University faculty (one of whom 
is an author of this paper) and the Nha Trang Pasteur Institute.
Project outline
Under the project, 85 UDDTs were introduced during 2012–2013. Eighty-four (one per household) of the 
UDDTs were introduced for household use and one was installed at a primary school for the use of the resident 
teachers. Outer and inner views of a UDDT are shown in Figure 3 and 4, respectively. The toilet design was based 
on UDDTs previously developed in Vietnam (Bui et al. 2001; Nha Trang Pasteur Institute VinaSanres Project 
 Sanitation Value Chain  Vol. 4 (1)  pp.003–016, 2020  7
Pathway Media Exposure factor Activity intensity
Intentional intake of drinking and eating
Eating Raw vegetables 70.7 g-wet/day -
Drinking Boiled-and-stored rainwater liter/day -
Unintentional intake of water
Bathing Stored well water 0–21 ml/time 1 time/day 
Irrigating activities Irrigation water 0–11.2 ml/hour 8 hour/day
Swimming Pond water 0–205 ml/hour 1–2 hour/day
Fishing Pond water 0–11.2 ml/hour 8 hour/day
River water 0–15.3 ml/hour 3 hour/day
Unintentional intake of soil
Farming Rice field soil 1–10 g/day -
Unintentional intake during eating 
Using devices of eating Bowl All surface 3 time/day
Chopsticks All surface 3 time/day
Table 2.  Data used for calculation of daily exposure in the community 
where people use excreta for agriculture. (Modified from Harada et al. 2016)
Table 3.  Probability density functions for drinking water consumption and 
E. coli concentration in each medium. (Modified from Harada et al. 2016)
Item Distribution type Parameter
Drinking water consumption (liter/day) Lognormal μ=1.15 × 100, σ=5.60 × 10-1
E. coli conc. in drinking water (CFU/100 ml) Lognormal μ=8.79 × 100, σ=2.69 × 101
E. coli conc. in stored well water (CFU/100 ml) Lognormal μ=3.93 × 103, σ=7.55 × 103
E. coli conc. in irrigation water (CFU/ml) Lognormal μ=9.10 × 102, σ=5.03 × 103
E. coli conc. in pond water (CFU/ml) Uniform min.=1.26 × 102, max=4.67 × 103
E. coli conc. in river water (CFU/ml) Lognormal μ=1.78 × 103, σ=2.55 × 103
E. coli conc. in rice field soil (CFU/g-dry soil) Lognormal μ=2.60 × 104, σ=5.76 × 106
E. coli count on bowl surface (CFU/bowl) Lognormal μ=1.44 × 101, σ=5.23 × 101
E. coli count on chopstick surface (CFU/pair) Lognormal μ=4.97 × 102, σ=9.69 × 105
Figure 3. UDDT outside views. 
(Taken by the author)
Figure 4. Inner view of toilet.
(Taken by the author)
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2002) and partly modified for the project. The UDDTs were constructed by local builders trained and supervised 
by NICCO; beneficiaries partly contributed the construction by providing labor.
The toilets employed a urine-diverting squatting pan with 2 covered and separated fecal chambers on each side. 
Urine deposited into a small hole between the chamber covers was piped to a urine container located behind the 
toilet building, while ash was mixed with feces deposited in the chambers for sanitization. The deposited feces 
were removed through small doors at the backside of the toilet following an appropriate retention period, which 
was determined to be at least 10 months based on an associated ascaris eggs inactivation experiment (Harada et al. 
2006). After dilution, urine deposited in the container was used as liquid fertilizer for agriculture. 
For the project structure, before conducting this Ecosan project, NICCO had conducted organic farming 
education activities in the same area, and later on started this Ecosan project together with the organic farming 
education activities. However, due to political reasons, NICCO faced a difficulty to continue the activities at the 
early timing of this Ecosan project. Finally, the organic farming education activities had been suspended and the 
Ecosan toilet project had been solely conducted. 
Prior to construction of the toilets, orientation and lecture series were provided. Once use had begun, house-
to-house instructions were provided to each household every 2 to 3 weeks for 4 months by a female local health 
worker who was also a beneficiary of the Ecosan project and a user of the UDDT. For further details on the project, 
refer to Harada et al. (2004a, b).
House-to-house survey on toilet management and user reactions
For our analysis, we used the monitoring results of UDDT operation from Harada, et al. (2004b) and Harada et al. 
(2009). During months 0–4 following installation, repeated house-to-house monitoring surveys were conducted. 
The surveys used true-or-false check sheets to assess 17 items related to toilet use and management conditions. 
From months 7–38, project members were barred from entering the village for political reasons, precluding any 
monitoring or intervention efforts during this period. Nearly 3 years later, at month 39, one of the authors was able 
to re-enter the village and conducted a post-intervention monitoring survey comprising structured interviews and 
observations on construction status, toilet management, and use.
1.3. Case study C: UDDT introduction project in rural Malawi
Study Area
Malawi is a landlocked country in southeast Africa that is separated from Tanzania and Mozambique by Lake 
Malawi, to which surface and ground water are collected from the west bank (Figure 5). Rural communities 
in the country face continued threat of famine as a result of poor infrastructure that hinders economic growth. 
Nevertheless, as of 2017, only 24.7% of Malawi’s rural population did not have at least basic sanitation services 
(WHO and UNICEF 2019). 
Project outline
Following their experience with the introduction of Ecosan in Vietnam, NICCO implemented a comprehensive 
rural development project starting in 2007 in 3 districts of Malawi (Nkhotakota, Dowa, and Lilongwe, shown in 
Figure 5). The UDDT design was based on that of the UDDTs introduced in Vietnam by NICCO, but with some 
modification. In total, 1,052 units were constructed across the 3 districts, including a number of public units 
(Figure 6). According to NICCO, there were a total of 26,100 beneficiaries. Most of them did not have any access 
to improved sanitation and had never experienced human excreta use for agriculture. 
The UDDTs were constructed by local builders who were trained and supervised by NICCO, with beneficiaries 
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partly contributing to the construction by collecting bricks and providing labor. Workshops were organized on 
how to use the UDDTs, maintain toilet cleanliness, and use collected feces and urine for agriculture. Ash was 
utilized to sanitize fecal matter and for washing hands with water following toilet use.
For the project structure, differently from NICCO’s Ecosan toilet project in Vietnam, this Ecosan project in 
Malawi was conducted in integrated manner with other various community development activities; the details of 
which were described in the following results and discussion section. The Malawi Ecosan project itself comprised 
3 sub-projects carried out over a total of eight phases from 2007 to 2014 and was of a much larger scale than the 
project in Vietnam. Although both projects employed similar UDDT designs, the project in Malawi had more 
success in scaling up and in establishing the use of fecal matter for agriculture. To ascertain the reason for the 
improved results, the Malawi project reports were analyzed from the perspective of project structures and NICCO 
personnel were interviewed.
Conditions of UDDTs after five years and beyond
Our data on the long-term conditions of the UDDTs installed by the NICCO Malawi Ecosan project were taken 
from Harada et al. (2018), in which 277 households were interviewed to determine their demographic conditions, 
the structural status of their UDDTs, the continuous use of urine and feces, and their perceptions of the effects of 
UDDT use on diarrhea reduction and of feces and urine on yield increase.
2. Results and Discussion
2.1. Health risk from using excreta for agriculture in rural Vietnam
Figure 7 shows a comparison of the E. coli concentration results in the living environment for traditional dry and 
0 150km
Lake
Malawi
Tanzania
Zimbabwe
Malawi
Zambia
Mozambique
 Nkhotakota district
Lilongwe district
Dowa district
Figure 5. Location of Ecosan project in Malawi.
Figure 6.  Ecosan toilet constructed 
by the NICCO Malawi Ecosan project.
 (Taken by the author)
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water flush toilet users. The living environments of both user types were heavily contaminated and posed potential 
health risks from fecal pathogens. No significant difference in contamination could be found between the 2 user 
types, indicating that the use of traditional dry toilets did not significantly affect fecal contamination in the highly 
contaminated living environment. 
The exposure patterns in the daily life of the Vietnamese community that uses excreta are shown in Figure 8. 
Three major pathways of fecal exposures are swimming (12.5th percentile–median–87.5th percentile: 2.48–3.52–
4.53 log[CFU]/cap/day), eating raw vegetables (2.34–3.36–4.39), and human manure handling (1.01–3.30–5.65). 
These high daily exposures can be respectively attributed to the accidental ingestion of strongly contaminated 
pond/river water, the consumption of contaminated raw vegetables, and the accidental ingestion of contaminated 
human manure.
It is notable that the exposures from the pond and river water have the largest pathways, indicating the importance 
of avoiding the discharge of fecal matter to local water bodies. In the area, 56% of households used dry feces and 
liquid urine for agriculture, while the other 44% discharged excreta using water-flushed toilets with very limited 
DT: Dry toilet users
106
105
104
103
102
10
1
DT
n=20
Boild-and-stored 
rain water
(drinking)
Stored
rain water
(hygiene)
Stored
well water
(bathing)
Chopstick Rice bowl Hand
n=6 n=19 n=5 n=22 n=7 n=19 n=6 n=19 n=5 n=34 n=10
WC WC WC WC WC WCDT DT DT DT DT
WC: Water flush toilet users
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/device, C
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Per-day exposure of E. coli [log(cfu)/cap/day]
0 2 4
Figure 7.  E. coli concentrations in living environments and hands in Vietnam. 
Box plots indicate 1st and 3rd quantile ranges and whisker indicate the maximum and minimum values.
Figure 8.  Daily exposure pathways to E. coli in a community using excreta. 
The figure shows 75-percentile ranges and median values.
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or no treatment. 
Unlike water-flushed toilet systems, which pollute the water environment through the dumping of sanitary 
wastewater, traditional dry toilets do not directly pollute the water environment because they produce no sanitary 
wastewater beyond urine. However, improperly used dry toilets are associated with exposure through the 
contamination of raw vegetables and the handling of human manure. Contamination of human manure (7.17 × 
10–1.27 × 104–2.53 × 106 CFU/g-wet) as a result of the improper sanitization of human feces in traditional dry 
toilets is a direct exposure pathway and a major source of raw vegetable contamination.  
Thus, improper sanitization of their fecal products can increase the health risk associated with exposure to 
unsanitary fecal products (i.e., manure) and foods grown with the manure while traditional dry toilets do not 
discharge fecal wastewater and can be effective at reducing the health risk from exposure to nearby water bodies. 
Feces extracted from dry toilets can be properly sanitized theoretically; this is, however, not always achieved 
throughout long-term use. The experience with traditional Ecosan practices in Vietnam suggests that long-term 
sustainability of sanitization performance is a potential challenge.
2.2 UDDTs introduced in rural Vietnam: continuous defecation use
At month 39 following the installation of the UDDTs, 65.8% of the units remained in continuous use (Table 
4). Of the toilets that had not been seriously damaged, more than 80% were still in use. Given the 3-year non-
intervention period, these proportions can be considered to be high and an indicator of the suitability of UDDTs 
for continuous defecation use. However, long-term physical damage, primarily from the strong highland winds, 
remained a major challenge to continuous use.
The high levels of suitability of the project UDDTs for continuous defecation use was potentially associated 
with good fecal chamber condition. The by-condition breakdown in Table 5 reveals that only a small proportion 
of UDDTs had offensive smells, maggots, and/or more than 10 flies in the fecal chambers. While fecal smell 
had been a particularly strong concern prior to installation, the proportion of UDDTs reported to have a bad 
smell was only 14%. These results indicate that the fecal chambers retained a satisfactory interior status even 
after the 3-year no-intervention period. The results in Figure 9 focus on the relation between smell and chamber 
condition, revealing that smell was significantly reduced in chambers that were in good condition. This suggests 
Table 4.  Continuity of use of UDDTs with and without serious damage. 
(Modified from Harada et al. 2009)
Table 5.  Proportion of toilets with properly operating fecal chambers.
Status of toilet construction
Toilet in use Toilet not in use
% n % n
All toilets 65.8 50 34.2 26
Toilet not seriously damaged 83.6 46 16.4 9
Toilet seriously damaged 19.0 4 81.0 17
Note: Four toilets used by families that left the village are excluded. 
Check item
Months 0–4 Month 39
% of UDDTs in use % of UDDTs in use
Offensive fecal smell inside toilet rooms 1.3 14.0
Maggots inside fecal chambers 0 12.0
Many flies (> 10) inside fecal chambers 0 0.0
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that, through proper fecal chamber management, an acceptable defecation enclosure without offensive smell can 
be successfully provided to users.
A potential reason for the long-term sustainability of proper UDDT operation was the continuous house-by-
house instruction on toilet management provided by a local health worker whose family also owned the UDDT. 
According to our interview of this worker, she irregularly administered instruction up to month 39, although 
her activities during months 6–39 could not be confirmed by the authors. As reported in Harada et al. (2004b), 
a typical improper practice during the project involved the incorrect use of ash in the fecal chamber; however, 
this was corrected during the continuous instruction provided during months 0–5. This continuous effort to train 
people to properly use the fecal chambers possibly kept the sanitization process running smoothly, resulting in 
reduced smell and more comfortable defecation rooms. 
The agricultural use of feces and urine results recorded at month 39 are summarized in Table 6. Of the households 
who adopted the use of UDDTs, 58.8% had never used collected feces for agriculture over the course of the 
project, while 65.4% were not currently using the urine. Thus, the UDDTs were generally accepted for continuous 
defecation use, whereas the majority of UDDT users did not utilize the feces and/or urine, and the adoption of such 
measures remained a major unresolved challenge of the project.
2.3 UDDTs introduced in rural Malawi: continuous feces use for agriculture
Table 7 summarizes the operational conditions of the UDDTs in the Malawi Ecosan project, which had been 
installed 5–9 years prior to the survey. Eighty percent of the 277 household UDDTs were still in use, with the 
primary reason for ceasing use identified as physical damage to toilets as a result of heavy rains and/or strong winds. 
Similarly to the case in Vietnam, physical damage to the UDDT structure was a major challenge to continuous use. 
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Figure 9.  Proportion of toilets with offensive fecal smell by conditions. 
Significant differences were tested using the Mann-Whitney U-test. 
(Adopted from Harada et al. 2009)
Table 6.  Improper use of feces and urine at month 39.
Check item % of UDDTs in use
Fecal matter never used for agriculture 58.8
Urine not used for agriculture 65.4
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Table 7.  Proportion of toilet, feces, and urine use (n = 277). 
(Data from Harada et al. (2018)
Table 8.  Eight components of integrated community development plan 
in NICCO Malawi project. (NICCO 2015)
n (%)
Toilet use 221 (80%)
Feces used 216 (78%)
Urine used 79 (29%)
Eight components Activities
Ecological sanitation UDDT introduction
Reforestation Moringa and Jatropha planted; 5,520 fruit trees planted; 
useful trees introduced; improved oven stoves introduced
Agricultural technology transfer Organic farming; permaculture; distribution of local seeds; 
use of feces and urine
Human resource development Fostering of local leaders; development of project, agriculture, 
women’s, and health committees; workshop for local people
Infectious disease control Malaria control; HIV prevention; infectious diseases control 
Water supply Construction of wells; workshop for village level operation 
and maintenance
Maternal and child health Education activities for maternal and child health; 
introduction of bicycle ambulance
Income creation Product development using local agricultural product
Feces from 78% of the total installed UDDTs (98% of the UDDTs in use) were used for agriculture, while urine 
from only 29% of all UDDTs (36% of the UDDTs in use) was used. This proportion of UDDTs with fecal use in 
Malawi was significantly higher than that in the Vietnam study (41.2%) although the people in Malawi had never 
experienced human excreta use for agriculture. According to Harada et al. (2018), 98% of the UDDT users reported 
yield increases from using feces for agriculture, while only 44% reported increases from the use of urine; these figures 
reflect the respective proportions of feces and urine use. These indicate that regardless the cultural background of 
human excreta use for agriculture, human excreta can be utilized if people perceived its value to agriculture.
Although the use of feces is understood to be beneficial for agriculture, there are in fact much higher proportions 
of nutrients such as nitrogen, phosphorus, and potassium in urine (Matsui et al. 2001). Urine use, therefore, should 
be prioritized more than feces from an agricultural nutrient perspective and used more widely to effectively 
increase the yield of agricultural production. Nevertheless, the proper use of Ecosan urine remained as an 
unresolved challenge to the project. In fact, the agricultural value of urine was explained to the local population 
according to our interviews to NICCO personnel. One of possible reasons for the great difference between the 
use of urine and feces is their knowledge and/or previous experiences to use animal manure. The use of animal 
manure was widely recognized by local people in the area, which might positively affected the continuous use of 
feces, whereas the use of animal urine separately collected from feces was not recognized, which lead to a greater 
psychological barrier to use human urine than feces. It appears that its successful continued use would require 
some change of their perception concerning its value.
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Next to the perception on the value of feces, another possible reason of the remarkably different ratios of feces 
use in Malawi and Vietnam was how these 2 Ecosan projects were structured. Whereas the Ecosan project in 
Vietnam was solely conducted, the Ecosan project in Malawi was a part of 8 integrated community development 
activity components, as summarized in Table 8. In this integrated structure, the Ecosan approach was not 
introduced as a standalone practice but was instead directly connected to an agriculture technology transfer effort 
to promote effective use of human waste for agriculture. Demonstration farms were used to instruct how urine 
and feces could be used for agriculture, enabling the participants to recognize the effect of using human waste on 
agriculture. This integrated educational environment likely contributed to the above-mentioned high perception of 
the agricultural value of feces and spurred a high ratio of continuous use. In addition, other agriculture, health, and 
human resource components were also indirectly associated with Ecosan. By integrating Ecosan in this manner, a 
demand for agricultural use of feces was successfully created.
Conclusion
In this paper, we examined the challenges to and potentials for Ecosan based on 3 cases in Vietnam and 
Malawi from the viewpoint of 3 essential requirements: health risk reduction, continuous defecation use, and 
excreta use. The experience with traditional dry toilets in rural Vietnam suggested that dry sanitation including 
Ecosan practices is effective at reducing the fecal contamination of the surrounding water environment, thereby 
limiting the health risk from unavoidable accidental ingestion of water. However, the long-term sustainability of 
sanitization performance of the toilets and the health risk reduction from manure handling and agricultural product 
application remained as challenges. The experience with the introduction of modern UDDTs in rural Vietnam 
indicated that the UDDTs could be continuously used for long-term defecation use even without intervention, with 
physical damage to the UDDT structure constituting the primary challenge to continuous use. In this case, proper 
management of the fecal chamber proved successful at controlling offensive fecal smells. The experience with the 
introduction of modern UDDTs to rural Malawi demonstrated that, even without cultural background of human 
excreta use, a high demand for feces use could be successfully created through association with a perception of 
the value of feces in agriculture and by integrating the Ecosan project into an agricultural technology transfer 
program. Urine use, by contrast, was not accepted widely and changing the perception of the usefulness of urine 
in agriculture was suggested as a key challenge that should be overcome. Thus, although some challenges still 
remain, 3 cases of Ecosan showed bright potentials of the Ecosan approach in terms of the 3 aspects: health risk 
reduction, continuous defecation use, and excreta use. Further academic studies and/or practical experience will 
be required to overcome the identified challenges and forward the successful scaling up of Ecosan.
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Abstract
There is a huge problem with the reuse of dairy slurry (i.e., liquid fraction of dairy manure) which has a high 
potential as a fertilizer in Japan. The dairy farmer applies too much dairy slurry to their farm for pasture 
and meadow, because they have a huge amount of slurry production, resulting in over-fertilizing and also 
causing a bad odor problem. To overcome these problems, the nutrients should be used for other crops 
managed by other farmers. This is, however, costly due to transportation and a special machine needed 
for its application. Furthermore, nutrient salt concentrations of slurry as such is improper. Therefore, the 
solid fertilizers production process (SFPP) from dairy slurry is proposed to produce ammonium sulfate and 
potassium chloride as fertilizers, and sodium hydrogen carbonate as a by-product. The objectives of this 
research are 1) to investigate the effect of temperature on sodium hydrogen carbonate precipitation and 2) to 
confirm the principle of separated precipitation of sodium and potassium. As a result, precipitation of sodium 
hydrogen carbonate was observed in the temperature range from 25°C to 50°C. The sodium concentration in 
precipitation was high at 25°C among the experiments. Then, the sodium removal and potassium recovery 
processes produced sodium hydrogen carbonate and potassium chloride precipitations separately, without 
ammonia in the precipitations. The element analysis and XRD analysis supported the existence of the 
crystals. Finally, the possibility of separate production of potassium fertilizer and sodium salt was confirmed.
Keywords: solid fertilizers, crystallization, distillation, potassium chloride, sodium hydrogen carbonate
Introduction
A significant amount of livestock waste, which is approximately 31,200 kilometric tonnes of feces and 9,700 
kilometric tonnes of urine, are discharged from cattle barns every year in Japan (Kobayashi 2001). The mixture of 
feces and urine from cows reared by 45% of dairy farmers in Japan was separated into solid and liquid fractions 
by gravity separation, while the other farmers kept it in a mixed form (MAFF 2009). Generally, the solid fraction 
consisting of large particles like litter and cake of feces is processed for solid compost, to be provided to grains 
cultivating farmers. The liquid fraction called “dairy slurry” which contains small particles, soluble materials and 
water are stored in a storage tank then used as liquid fertilizers. Table 1 shows the composition of liquid waste and 
fresh cow urine that were measured in previous research (Kaneko et al. 2014) and a preliminary experiment. The 
dairy slurry and urine were taken from dairy farms in the northern part of Sapporo city and in Nakashibetsu town, 
Hokkaido, Japan. The liquid wastes richly contain ammonia–which accounts for 62% of total nitrogen–potassium, 
sodium but the low concentration of phosphorus.
According to statistical data by the Food and Agriculture Organization of the United Nations (FAO) (FAO 2015), 
599 kilometric tonnes of ammonium sulfate and 434 kilometric tonnes of potassium chloride, which are one of 
the most common chemical fertilizers in Japan, were annually consumed as fertilizers in Japan on average from 
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2010 to 2015. By comparison of annual fertilizer consumption with the amount of nutrients in liquid waste, the 
annual discharge of ammonia in liquid waste accounts 21 kilometric tonnes, which shares 4% of annual ammonium 
sulfate consumption, and that of potassium in liquid waste was 86 kilometric tonnes which equivalent to 20% of 
annual potassium chloride consumption (Ikumo 2002; MAFF 2015). This fact indicates that the effective utilization 
of liquid waste as nutrients resource leads us to reduce the annual consumption of chemical fertilizers. Japan 
Ministry of Agriculture, Forestry and Fisheries is promoting a group farming in the cooperation system between 
the cultivation and livestock sectors. This system aims to make the material cycle by reusing dairy wastes for 
animal feed production and works effectively (Nakamura 2012; Nishida et al. 2013). However, the direct reuse 
of liquid wastes into farmlands requires special machines for the application like a slurry tanker, slurry spreader 
or slurry injector which only dairy farmers have, while cultivation farmers have fertilizer sower machine to apply 
solid granules like conventional chemical fertilizer. And also the reuse causes the odor problem by ammonia, 
salt accumulation into the soil, and excess accumulation of potassium for grass resulting in grass tetany (Wylie 
et al. 1985; Schonewille et al. 1999; TRES Co. Ltd. 2016) or milk fever (Nakamura 2012). On the other hand, 
our measurement of the concentration nitrogen, potassium, and phosphorus showed the nutrient balance of the 
liquid wastes was not suitable for the growth of plants requiring adjustment of their compositions. Moreover, 
transportation cost is very huge, e.g. farmers need 3–4 metric tonnes of dairy slurry for 1,000 m2 farmland while 
paying 4,800 JPY/metric tonne-compost for 100 km transportation (Yakushido 2000), which is almost same as the 
equivalent value as chemical fertilizers (Nakamura 2012). These factors are a cause that dairy farmers apply liquid 
waste for cultivating pasture and meadow in their farmland resulting in over-fertilizing (Haga 2006). In order to 
overcome these problems, solid fertilizers with a single nutrient are required to provide high volume concentration, 
adjustable composition, and less odor. There are several technologies to produce solid nitrogen and phosphate 
fertilizers from human urine by producing ureaform (Ito et al. 2013; Kabore et al. 2016a, b), insoluble precipitation 
(Udert et al. 2015; Ito and Funamizu 2016), adsorption (Ganesapillai et al. 2015), biological accumulation (Cech 
and Hartman 1993) and concentration (Ek et al. 2006; Pahore 2010, 2011a, b; Antonini et al. 2012; Nikiema et 
al. 2017). These technologies require the collection of flesh urine to avoid urea hydrolysis and a huge amount of 
additional materials for concentration. Therefore, we propose the solid fertilizers production process (SFPP) from 
dairy liquid waste. The SFPP from dairy slurry employs continuous processes of ammonia stripping coupled with 
Parameter Units Dairy slurry at Sapporo
Dairy slurry at 
Nakashibetsu
Cow urine at 
Sapporo Cow urine
*
pH - 7.5 7.1 8.2 -
NH4+-N mmol/L 78.38 59.37 5.26 56.7
Urea mmol/L - - - 430.0
TN mmol/L 125.80 - 476.49 -
K mmol/L 115.09 309.48 135.04 202.0
Na mmol/L 45.85 85.26 131.36 59.2
Mg mmol/L 21.81 17.61 16.31 9.6
Ca mmol/L 16.89 61.63 0.10 5.6
Cl mmol/L 48.78 - 20.73 286.6
PO43- mmol/L 1.13 1.03 0.02 2.5
TP mmol/L 2.52 14.95 0.59 -
SO42- mmol/L 2.00 - 17.33 25.6
TOC mg/L 10,279 1,655 15,550 -
* Literature value (Kaneko et al. 2014)
Table 1. Characterization of liquid waste and cow urine.
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acid absorption and concentration by distillation and precipitation of sodium and potassium salts, whose overall 
view is shown in Figure 1. In the first step, the slurry is concentrated by a distillation process, while ammonia in 
the liquid is recovered by sulfuric acid to precipitate ammonium sulfate. In this process, the concentrations of 
sodium, potassium and other accumulative elements might be concentrated in 10 folds. Carbon dioxide is supplied 
to the concentrated solution to precipitate sodium carbonate at the second step. After solid-liquid separation, the 
liquid is concentrated again to form the precipitation of potassium chloride at the third step. The precipitation 
is recovered then the liquid is returned into the second step for keeping the high concentration of the solutes. 
Sodium is removed as sodium hydrogen carbonate prior to the potassium recovery process. This process was 
designed based on the solubility data of sodium chloride, potassium chloride, sodium hydrogen carbonate and 
potassium hydrogen carbonate (National Astronomical Observatory 2017). The solubility of sodium chloride is 
higher than that of potassium chloride at 70°C and less, while that of sodium hydrogen carbonate is lower than that 
of potassium hydrogen carbonate. Because of design from solubility data for single component, the rough operation 
condition and principle confirmation are required to demonstrate the possibility of SFPP. The ammonium recovery 
was confirmed in our preliminary experiments. The objective of this research was to confirm the sodium removal 
and potassium recovery processes on production processes of solid fertilizer from the dairy slurry from dairy farms.
1. Materials and Methods
1.1. Determination of operation temperature
The SFPP contains evaporation and crystallization processes which respectively prefer higher and lower 
temperatures, resulting in heating at evaporation and cooling at precipitation. To reduce energy consumption 
for the SFPP, we decided to set the same temperature for both processes. The SFPP expects the precipitations 
of sodium hydrogen carbonate and potassium chloride, so the operating temperature at which both crystals 
precipitates was explored. Five hundred milliliters of the synthetic dairy slurry with simple components (SDL-s), 
whose composition summarized in Table 2, were taken in an airtight bottle under the constant temperature. CO2 
gas was supplied to the solution through a bubbling needle with stirring by a magnetic stirrer. The bubbling 
Figure 1. Overall view of solid fertilizer production process from liquid waste.
Liquid water is concentrated by 
distillation.
Ammonia is stripped from liquid waste 
to be recovered by acid trap.
NH4 (g)
CO2
Sulfuric
acid trap
Primary
concentrateLiquid waste
Secondary
concentrate
1. Ammonia Recovery
2. Sodium removal
3. Potassium recovery
CO2 is supplied to concentrated 
solution to precipitate NaHCO3.
Liquid waste is concentrated by 
distillation again to precipitate KCl.
H2O
NaHCO3 KCl
Distillation Distillation
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continued for several hours until the precipitation is observed. Before and after CO2 injection, 5 ml of the 
solution was taken and filtrated by a membrane filter with 0.45 µm pore size (ADVANTEC, 25CS045AN). 
After the sampling, the sample was immediately diluted with water to 10 times to avoid the precipitation due 
to the cooling of the solution. pH and temperature were measured with a pH meter (TOADKK, WM-22EP). 
Sodium, potassium, ammonium, and chloride concentrations were measured with an ion-chromatography 
analyzer (DIONEX, ICS-90). Carbon dioxide concentration was measured with a total organic carbon analyzer 
(SHIMADZU, TOC-5000A). The formed precipitate was collected by vacuum filtration with a 0.45 µm 
membrane filter (ADVANTEC, C045A09C) and dissolved in water after dry weight measurement. Sodium, 
potassium, ammonium, chloride, and carbon dioxide concentrations of the solution were measured with the 
same analytical methods as above for the determination of the composition of the precipitate. These processes 
were repeated for different temperatures.
1.2. Sodium removal and potassium recovery test
For verification of the sodium removal process, an airtight bottle with 500 ml of SDL-s was kept at 25°C. 
The concentration was the same as the previous experiment for 25°C. CO2 gas which was injected for 3 hours 
by precipitations appeared. The solution was taken 5 ml before and after CO2 injection and filtrated with the 
membrane filter, then diluted to 10 times. pH and temperature were measured with the pH meter. The precipitate 
was collected with vacuum filtration and dissolved in water after dry weight measurement. Sodium, potassium, and 
ammonium concentrations were measured with the ion chromatography analyzer, carbon dioxide concentration 
was measured with the total organic carbon analyzer. Furthermore, the crystal structure of the precipitates was 
analyzed with X-Ray Diffraction analysis (XRD). 
According to the potassium recovery process, the filtrate from the experiment for sodium removal was 
concentrated 2 times (Cf2 = 2) by distillation with a rotary evaporator (EYELA, N-1000) under vacuum condition 
for potassium recovery. The distillation process was conducted with a digital water bath (EYELA, SB-1000) 
at 60°C. Five milliliters of the solution were samples and filtrated. To avoid the precipitation the solution was 
diluted to 10 times immediately. After the distillation process, the solution was cooled to 25°C for several hours, 
then precipitation occurred. The elements in the solution and dissolved precipitates were measured by the ion 
chromatography, while the crystal structure of the precipitates was analyzed by the XRD analysis.
2. Results and Discussion
2.1. Temperature effect on precipitation
Visible precipitation was observed at 25, 30, 40 and 50°C, but precipitation did not occur at 60°C. Table 3 
shows the concentrations of ions before and after CO2 injection at 25, 30, 40 and 50°C. As regards the experiments 
at 30°C, measured “Before” concentrations were significantly different from set concentrations as shown in 
60°C 50°C 40°C 30°C 25°C
Salt mol/L Salt mol/L Salt mol/L Salt mol/L Salt mol/L
NaCl 4.0 NaCl 4.0 NaCl 3.5 NaCl 2.7 NaCl 2.7
KCl 2.7 KCl 2.7 KCl 2.5 KCl 2.5 KCl 2.5
(NH4)2CO3 0.5 (NH4)2CO3 0.5 (NH4)2CO3 0.5 (NH4)2CO3 0.5 (NH4)2CO3 0.5
Table 2. Compositions of synthetic liquid waste.
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Table 2, indicated the error of the measurements. Nevertheless, sodium concentrations decreased while potassium 
concentrations remained at the same level at 25 and 40°C. If sodium and potassium precipitate independently, the 
following reactions may occur to form precipitations, while the concentrations should be their solubility.
Sodium chloride precipitation: 
Na+ + Cl− →  NaCl ↓ 
Potassium chloride precipitation:
K+ + Cl− → KCl ↓ 
Sodium hydrogen carbonate precipitation:
Na+ + HCO3− → NaHCO3 ↓ 
Here, sodium hydrogen carbonate precipitation will decrease only sodium concentration, in contrast, sodium 
chloride precipitation decreases the same amount of sodium and chloride. Chloride concentrations decreased as 
well at 25, 40 and 50°C, suggesting the precipitation of not only sodium hydrogen carbonate but also sodium 
chloride. To compare with literature data, the concentrations of sodium, potassium, chloride, and carbonate at 
equilibrium were simulated by PHREEQC software as summarized in Table 4 (Charlton and Parkhurst 2011; 
Parkhurst and Appelo 2013). This simulation showed that sodium hydrogen carbonate precipitated but sodium 
chloride and potassium chloride did not appear in the solution, because only sodium concentration decreased. 
In the case of the experiment at 50°C, all sodium, potassium and chloride concentrations decreased, and implied 
the precipitation of potassium chloride, sodium chloride, and sodium hydrogen carbonate. So, 50°C was used 
for further experiments. For further analysis of precipitations, the molar ratio of elements in precipitate collected 
in the experiment at 25°C was shown in Table 5, while Figure 2 shows the mass ratio of elements in precipitate 
collected in the experiment at 25°C. The collected precipitate was rich in sodium, while the ratio of CO2 was 
lower than that of sodium. Approximately 10 mol% of sodium and 35 mol% of chloride were accounted for in 
the precipitate. Analysis of the collected precipitate suggested that CO2 injection could from sodium hydrogen 
carbonate, although potassium chloride and sodium chloride could precipitate together. Further investigations into 
the relationship between the formation of sodium hydrogen carbonate and target temperature, also the relationship 
between the formation of sodium hydrogen carbonate and CO2 injection time are needed. 
Table 3. Concentrations of ions before and after CO2 injection at each temperature.
Table 4. Simulated concentrations of ions after CO2 injection at each temperature.
Element unit 50°C 40°C 30°C 25°CBefore After Before After Before After Before After
Na mol/L 4.1 3.0 3.4 2.3 2.1 2.0 2.7 2.0
K mol/L 2.6 1.6 2.4 2.4 2.4 2.6 2.5 2.4
Cl mol/L 6.2 5.4 7.0 4.3 4.0 4.3 5.2 4.9
CO3 mol/L 0.0 0.3 0.0 0.5 0.0 0.6 0.0 0.4
NH4 mol/L 1.0 1.0 0.9 0.8 0.7 0.8 1.0 1.0
time hours 7.0 4.5 4.0 3.0
Element unit 50°C 40°C 30°C 25°C
Na mol/L 2.2 1.7 1.1 1.1
K mol/L 2.7 2.7 2.5 2.5
Cl mol/L 6.7 6.2 5.2 5.2
CO3 mol/L 0.16 0.24 0.44 0.48
NH4 mol/L 1.0 1.0 1.0 1.0
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2.2. Sodium removal and potassium recovery test
Figure 3 shows the concentrations of sodium, potassium, chloride, ammonium and carbon dioxide in Na removal 
and K recovery processes. “Expected” stands for the ion concentrations in solution which were determined by 
multiplying “After Na removal” by a concentration factor of 2.2 for this experiment. The sodium concentration 
decreased from 2.7 mol/L to 2.0 mol/L thorough sodium removal process, while the potassium and ammonia 
concentrations remained the same. The chloride concentration slightly decreased from 5.2 mol/L to 4.9 mol/L. The 
differences in potassium and chloride concentrations between “Expected” and “After K recovery” indicated the 
precipitation of potassium chloride, while the potassium concentration was lower than the solubility of potassium 
chloride in water at 50°C. As well as potassium, sodium concentration decreased through the potassium recovery 
process, while the sodium concentration was lower than the solubility of sodium chloride in water at 50°C. Table 
6 exhibits the molar ratio of elements in a precipitate that were collected from sodium removal and potassium 
recovery processes. As for sodium removal, the sum of the molar amounts of CO2 and chloride in the precipitate 
were approximately equivalent to the molar amount of sodium in the precipitate which indicates the precipitation 
of both sodium chloride and sodium hydrogen carbonate. Moreover, ammonia was not detected in the precipitate. 
The ratio of potassium to chloride in the precipitate from the potassium recovery was approximately 0.9. Figures 
4 and 5 respectively show the mass ratio of the elements in precipitate from the sodium removal and potassium 
recovery processes. The main components of the precipitate from sodium recovery were sodium and carbonate to 
indicate the existence of NaHCO3 precipitation, while that from potassium recovery consists of KCl. This result 
shows the possibility of separation of sodium and potassium by the SFPP. Figures 6 and 7 respectively show the 
XRD analysis result of precipitate from sodium removal and potassium recovery. They suggested that precipitate 
collected from sodium removal process was a mixture of sodium hydrogen carbonate, potassium chloride, and 
sodium chloride, and the precipitate collected from potassium recovery was potassium chloride. 
Element Mole ratio
Na 1.00
K 0.17
Cl 0.35
NH4 n.d.
CO2 0.39
Table 5. Mole ratio of elements in precipitate (25°C).
Figure 2. Mass ratio of elements in precipitate (25°C).
Na
64%
6%
23%
7%
K
Cl
CO2
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Figure 4. Mass ratio of elements in precipitate 
(Sodium removal).
Figure 5. Mass ratio of elements in precipitate 
(Potassium recovery).
Table 6. Mole ratio of elements in collected precipitates.
Figure 3. Concentrations of sodium, potassium, chloride, ammonium and carbon dioxide 
in Na removal and K recovery processes.
Before: before CO2 injection, After Na removal: after CO2 injection, 
Expected: estimated concentration after the concentration process of the liquid from “After Na removal”, 
and After K recovery: after the concentration process with the liquid from “After Na removal”. 
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Conclusion
A solid fertilizers production process from dairy liquid waste was proposed, which produces ammonium sulfate 
and potassium chloride as fertilizers, and sodium hydrogen carbonate as a by-product. In this paper, to assess 
the possibility of the process with synthetic dairy liquid waste, the effect of temperature on sodium hydrogen 
carbonate precipitation was investigated, while the possibility of separated precipitation of sodium and potassium. 
As a result, sodium hydrogen carbonate was precipitated in the temperature range from 25°C to 50°C, and the 
precipitation at 25°C had the highest sodium content among the precipitates from the experiments. The temperature 
swing method for sodium removal and potassium recovery processes was produced by sodium hydrogen carbonate 
and potassium chloride precipitations separately, while ammonia did not contain in the precipitations. The element 
analysis and XRD analysis supported the existence of the crystals. Then, the possibility of separate production 
of potassium fertilizer and sodium salt was confirmed. For further study, the demonstration test of the SPFF and 
cultivation test with the produced fertilizer should be conducted. 
Figure 6. XRD analysis result (Sodium removal).
Figure 7. XRD analysis result (Potassium recovery).
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Abstract
Forward osmosis (FO) is a promising technology for urine volume reduction to ease the recovery 
of nutrients. Its efficiency is highly dependent on the draw solution. Hence, functionalization of novel 
draw solutions for forward osmosis (FO) has become a subject of intense investigation. Coated magnetic 
nanoparticles (MNPs) based solutions offer great potentials for their ability to generate osmotic pressure as 
well as their easy recovery. Since concentrated urine features high osmotic pressure, we aim to synthesize 
a high osmotic pressure generating draw solution. Polyethylene glycol (PEG), is an attractive coating 
agent as aqueous Polyethylene Glycol solutions are known to generate high osmotic Pressure. Moreover, 
PEG are hydrophilic and expected to have physical aggregation suppression. In this study, we adopted co-
precipitation method to synthesize PEG 4000 coated MNPs as draw solution, and studied the influence of the 
initial coating agent amount and sonication effect on the coating ratio and the osmotic pressure generation 
of solutions made of the synthesized particles. We found that initial PEG to MNP ratio affects the coating 
ratio. Indeed, higher coating ratio is obtained with higher initial PEG to MNP ratio. A PEG to MNP ratio of 
1 to 4 led to 31% coating ratio. This coating ratio can be slightly increased if the synthesized draw solution 
is treated with ultrasound for 30 minutes. Water flux data collected from forward osmosis experiment 
revealed that this novel draw solution generates osmotic pressure. The osmotic pressure obtained from 
a draw solution containing a given amount of PEG 4000, is larger than the osmotic pressure if the same 
amount of PEG 4000 is used alone. Fate of the osmotic pressure of the novel draw solution following 
recycling of the synthesized MNPs is also evaluated. It was found that the drop in osmotic pressure of the 
regenerated draw solution is insignificant, proving possibility to reuse this draw solution for many cycles. 
Keywords: urine, nutrients, forward osmosis, draw solution, MNPs, PEG 4000
Introduction
Urine diverting toilets were proposed to provide safe and affordable sanitation and to facilitate the separation of 
human waste products for easy resource recovery (Rieck et al. 2012). The urine fraction is a nutrient-rich solution 
that can be used as a liquid fertilizer (Sene et al. 2012; 2013). However, its large volumes make its transportation 
to farmland uneconomical (Pahore et al. 2010), making urine volume reduction necessary. However, this process 
faces not only the challenge of treatment costs but most available volume reduction technologies are energy 
demanding as well. Hence, forward osmosis (FO)—a naturally occurring phenomenon—has emerged as a promising 
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low-energy technology for urine volume reduction and resource recovery (Nikiema et al. 2017). The driving force 
behind FO is the osmotic pressure difference between the feed and draw solutions of different concentrations 
that are separated by a semi-permeable membrane. Although the operation of FO requires low energy overall, 
recovery and regeneration of the draw solution requires a high-energy input. Therefore, the choice of draw 
solution is of the utmost importance. Investigations on novel draw solutions have interested many researchers 
as exemplified by the works of Guizani et al. (2019), Ge et al. (2011), Yang et al. (2013), Campos et al. (2015), 
and Ling et al. (2010) among others. Special interest has been given to the functionalization of coated magnetic 
nanoparticles (MNPs) due to their ease of recovery with a magnet (Ling et al. 2010). The ultimate objective of 
our research was to synthesize an easy-to-recycle and high osmotic pressure-generating draw solution. It is worth 
mentioning that urine that has been concentrated 5 folds is characterized by an osmotic pressure exceeding 10 
MPa (Nikiema et al. 2017). However, due to their large size, in comparison to the common electrolytes, MNPs 
do not exhibit high osmotic pressure properties when present in solutions on their own (Guizani et al. 2018). To 
overcome this limitation, MNPs are coated with osmotic pressure-generating polymeric agents. Researchers have 
evaluated the usage of different coating materials, such as dextran, oleic acid, polyacrylic acid, and tri-sodium 
citrate (Zhang 2006; Hong et al. 2009). While many coating agents were tested here, it was possible to suppress 
aggregation by covering the particle surface with a hydrophilic coating agent to increase the coating ratio and 
particle concentration. However, the osmotic pressure achieved was low and impractical, and thus, insufficient 
for concentration of solutions, such as urine or wastewater. Polyethylene glycol (PEG) is an attractive coating 
agent, owing to the capability of aqueous polyethylene glycol to generate high osmotic pressure (Money 1989). In 
this study, PEG 4000 (with an average molecular weight of 4000), which is a hydrophilic compound expected to 
suppress physical aggregation, and thus, generate high osmotic pressure, was used as a coating agent. 
Micro-emulsion, thermal decomposition, and chemical coprecipitation are the major common methods used 
to synthesize iron oxide MNPs (Majidi et al. 2016). Amongst these, thermal decomposition is the most common 
method for the purpose. It is reported that PEG can synthesize uniform particles of about 10-nm diameter/radius 
via the thermal decomposition method and generate an osmotic pressure of about 2.8 MPa (Ge et al. 2011). 
However, this route was recently proven to induce defects and negatively affect the properties of the MNPs. In 
this study, we adopted the co-precipitation method to synthesize PEG 4000-coated MNPs as a draw solution due 
to its convenience, simplicity, and low cost; we also studied the influence of the initial amount of coating agent on 
the coating ratio and the osmotic pressure of a draw solution prepared from the synthesized particles. The fate of 
the osmotic pressure of the novel draw solution, following recycling of the synthesized MNPs, was also evaluated.
1. Material and Methods
1.1. Draw solution synthesis
Magnetic nanoparticles were prepared using the co-precipitation technique (Figure 1). Two-hundred millilitres 
solutions of analytical grade iron chloride (III) · hexahydrate (8.59 g) and iron chloride (II) · tetra-hydrate (23.35 g) 
were mixed thoroughly. Afterwards, 100 mL of alkaline sodium hydroxide solution (5 M) was added to the blend 
under conditions of nitrogen gas purging and was kept for an hour in a warm bath (80°C). Upon addition of the 
alkaline solution, a black precipitate was formed. It has been confirmed in an earlier study (Guizani et al. 2018) that 
this black precipitate is magnetite (Fe3O4), whose formation takes places through reactions described in equations 
(1), (2), and (3). As per these chemical equations, a yield of 10 g Fe3O4 was expected from the aforementioned 
recipe, which was confirmed experimentally. Following the addition of the aqueous solution of sodium hydroxide 
and an hour of continuous mixing, 100 mL each of solutions containing 2.5, 5, or 40 g PEG 4000 was added; the 
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mixtures thus prepared were stirred at 800 rpm for 1 h at 80°C. These amounts corresponded to the initial MNP 
to PEG ratios of 1:0.25, 1:0.5, and 1:4. The synthesized particles were washed several times until the pH was 
approximately 7.  A neodymium magnet was used to recover magnetite particles at each washing step.
Fe2+ + 2OH- → Fe (OH)2  (1)
Fe3+ + 3OH- → Fe (OH)3  (2)
Fe (OH)2 + 2Fe (OH)3 → Fe3O4 + 4H2O (3)
1.2. Assessment of the coating ratio 
Coating ratio was determined using the gravimetric method. After the coated MNPs were dried at 105°C; they 
were then burned at 800°C. The amount of mass reduction with respect to the initial mass of MNPs was taken as 
the coating ratio. 
1.3. Ultrasonic treatment
To improve coating ratio, ultrasonication was applied. In an earlier study by Guizani et al. (2019), it was confirmed 
that the average particle diameter of magnetite decreases by application of ultrasonic treatment. Moreover, the 
agglomeration of particles during particle recovery using a magnet was confirmed. Therefore, it was expected here 
that the coating ratio could be increased as a result of increase in surface area. The ultrasonic treatment was carried 
Figure 1. Synthesis of PEG-coated magnetic nanoparticles by the co-precipitation method.
Figure 2. The mechanism of working of the ultrasonic homogenizer (UH 50) used in this study. 
(Adopted from Guizani et al. 2019)
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out using a 20-kHz, 50-watt probe ultrasonic homogenizer, UH 50 (SMT Corporation, Japan). Figure 2 illustrates 
the working mechanism of sonication and its expected effect on dispersion and coating ratio. The mixture of 
MNPs and PEG 4000 was sonicated for 30 min and then stirred for another 60 min. 
1.4. Synthesis of the draw solution 
An FO device with an effective membrane area of 98 cm2 was used with a cellulose triacetate (CTA) membrane 
sandwiched between symmetrical flow paths with a width of 1 cm and a height of 0.2 cm (Figure 3). The CTA 
membrane was purchased from Fluid Technology Solutions (FTS, Inc., Albany, USA). The feed (deionized water) 
and driving (PEG-coated MNPs) solutions were circulated for an hour in co-current mode at a flow rate of 0.2 
m/s using two peristaltic pumps. The objective of this experiment was to assess whether this synthesized solution 
could be used as a draw solution. In other words, we aimed to know whether this solution would generate an 
osmotic pressure that would allow water to move across the semi-permeable membrane from the feed solution 
toward itself.  For this purpose, the mass change on the feed side was measured using an electronic balance and 
the water flux was calculated. Equal volumes of 200 mL each of the draw and feed solutions were used in the 
experiment. Three different coated MNP-based solutions were used as draw solutions with particle concentrations 
of 2.9, 4.9, and 9.6 wt.%. The feed solution consisted of deionized water. Details of the operational conditions are 
presented in Table 1.
1.5. Estimation of differential osmotic pressure 
Osmosis is the movement of water from an area of low concentration toward that of high concentration. The 
higher the osmotic pressure difference is, the higher is the water flux. In our experimental setup, the movement 
Figure 3. Forward osmosis experiment 
(draw solution + magnetic nanoparticles; feed solution deionized water).
Table 1. Forward osmosis experimental conditions.
Flow rate 0.20 m/s (co-current)
Operation time 1 h
Membrane Cellulose triacetate (CTA)
Effective membrane area 98 cm2 
Computer
Balance
water
FO cell
P PFeed
solution
Draw
solution
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of water depended on the strength of the osmotic pressure difference between the feed and draw solutions. The 
osmotic pressure can be calculated from the molar concentration of each solution as given in equation (4). 
∆π = iMRT          (4)
Where M is the molar concentration of dissolved species (mol L-1), R is the ideal gas constant (0.08206 L atm 
mol-1 K-1, T is the temperature (K), and i is the van’t Hoff factor for the solute. 
It has been suggested that water flux is linearly proportional to the osmotic pressure difference as given in 
equation (5). 
Jw = k∆π          (5)
Where Jw is the water flux (L m-2 h-1), k is the water permeability coefficient (L m-2 h-1 bar-1), and ∆π is the 
osmotic pressure difference (bar).
It is worth mentioning that for each new membrane lot used, the membrane permeability coefficient was 
determined. An FO experiment was conducted using deionized water as the feed solution and NaCl as the draw 
solution. Pure water flux was measured during the first 10 min of the operation of FO; its values were plotted 
against the osmotic pressure applied. The membrane permeability coefficient (k) was obtained from the slope of 
equation (5). Once the permeability coefficient of the membrane was known, the unknown osmotic pressure of 
a newly tested draw solution could be obtained by dividing the water flux obtained from the FO experiment by 
the permeability coefficient. However, Wang et al. (2016) have reported that the water fluxes of CTA membranes 
deviated from the theoretical fluxes obtained from this linear equation. Indeed, concentration polarization makes 
the flux drop below the theoretical values. At higher osmotic pressure, the concentration polarization is larger, 
leading to a larger difference from theoretical values.  A similar phenomenon was observed by Matsuda (2017) 
and Nikiema et al. (2017).   
For the PEG-coated MNPs, the generation of osmotic pressure in the coated ferromagnetic particles is still not 
understood well. Therefore, no theoretical equation is available in the literature to mathematically represent the 
phenomenon. For the sake of simplicity, the differential osmotic pressure has been estimated from the water flux 
data using the aforementioned linear equation. 
2. Results and Discussion
2.1. Coating ratio
As illustrated in Figure 4, the coating ratio increased as a result of an increase in the amount of the coating agent. 
The coating ratio increased from 3% to 6% and then to 31%, respectively, for 2.5, 5, and 40 g of PEG 4000. In other 
words, for 10 g of magnetite, only 0.3, 0.6, and 3 g of PEG 4000 effectively coated the magnetite, respectively.
The work of Guizani et al. (2018) revealed that beyond a certain initial MNP:coating agent ratio, the coating 
ratio will not be improved, rather it will only decrease. This is attributed to the fact that excessive amounts of 
coating agent will cause it to peel off from the MNPs leading to a drop in the coating ratio. The results obtained in 
this paper do not reveal the optimum coating ratio. 
As shown in Figure 5, the use of ultrasonic treatment improved the coating ratio. Indeed, an increase of coating 
ratio from 31% to 40% was achieved. This increase was most likely due to the dispersion of aggregated particles 
by sonication, which led to a larger surface area being exposed for coating. A detailed study on the effect of the 
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ultrasonic treatment can be found in the work by Guizani et al 2019.
Optimized conditions for synthesis and coating were adopted for the rest of the study. In other words, further 
experiments were conducted using an initial MNPs to PEG 4000 ratio of 1 to 4. After sonication, the coating ratio 
was 40%. Solutions containing wt.% of 2.9, 4.9, and 9.6% were prepared for measurement of water flux and 
estimation of osmotic pressure. The amount of PEG 4000 in the solution was calculated using the 40% coating ratio.
2.2. Water flux measurements and estimation of osmotic pressure 
Figure 6 illustrates the time course of weight change in the feed tank (feed solution weight). The change reflects 
the movement of water from the feed to the draw side as the amount of water decreases in the former. The 
experiment was conducted for an hour, followed by calculation of the water flux. As an example in Figure 6, 
the water drops from 200 g to 191 g over a one-hour period, providing a flux of one litre per square meter per 
hour (LMH). Using the permeability constant, differential osmotic pressure was obtained. Matsuda et al. (2017) 
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Figure 4. Effect of initial magnetic nanoparticles to polyethylene glycol 4000 ratio on the coating ratio. 
(Error bars show standard deviation (SD))
Figure 5. Effect of sonication on the coating ratio. (Error bars show standard deviation (SD))
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measured the permeability of the membranes used in this study with the same method described in Section 2.5. 
The authors reported an average value of 1.44 L m-2 h-1 per MPa. Using this permeability value, osmotic pressure 
ranges were estimated to be 0.6, 1.04, and 1.37 MPa, respectively for 2.9, 4.9, and 9.6% wt.%, respectively 
(Figure 7). However, as reported by Wang (2015) and Matsuda (2017) for CTA membranes, water flux does not 
obey the linear relationship due to the polarization of internal concentration. In our study, for a given osmotic 
pressure, the observed flux was recorded to be much lower than the ones estimated using the linear relationship, 
i.e. the osmotic pressure estimated using permeability coefficient was underestimated.
2.3. Osmotic pressure versus wt.%
In case of an ideal solute, the Van’t Hoff’s relationship is linear between osmotic pressure and molarity; this 
Figure 6. Time course of weight change in feed solution reservoir: Draw solution composed of coated 
magnetic nanoparticle solution with particle concentration of 9.6 wt.%. 
(Error bars show standard deviation (SD))
Figure 7. Estimated osmotic pressure versus water fluxes. (Error bars show standard deviation (SD))
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applies to solutions of inorganic salts, such as sodium chloride and potassium chloride. However, polyethylene 
glycol is reported to not behave as an ideal solute in an aqueous solution. Money (1989) reported that the relationship 
between concentration and osmotic pressure is not linear, instead it is a second-order polynomial relationship 
(Figure 8). Steuter et al. (1981) explained this using the fact that, in the case of high-molecular weight solutes, 
large polymers break into subunits; the higher total number of subunits may then lead to a higher osmotic pressure. 
Figure 8 illustrates the osmotic pressure of PEG-coated MNPs and an aqueous solution with PEG 4000 alone. It 
reveals that PEG 4000-coated MNPs could generate an osmotic pressure of 0.6, 1.05, and 1.37 MPa, respectively, at 
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Figure 8. Relationship between concentration (wt.%) and osmotic pressure for PEG 4000-coated MNPs. 
(Error bars show standard deviation (SD))
Figure 9. Relationship between concentration (wt.%) and osmotic pressure for PEG 4000 coated MNPs. 
(Error bars show standard deviation (SD))
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weight concentrations of 2.9, 4.9, and 9.6 wt.%, respectively. It is worth mentioning that at the same concentration 
levels of PEG, higher osmotic pressure was generated by PEG-coated MNPs, in comparison to the aqueous 
solution containing PEG only. This could be attributed to the fact that contained electrolytes produce stronger 
osmotic pressure than free uncontained electrolytes, such as polyelectrolytes contained in ion-exchange resin or 
in MNPs nano-particles. It is worth mentioning that similar observations were reported by Dey and Izake (2015). 
These observations led us to conclude that osmotic pressure can be generated under non-colligative conditions 
too. However, the osmotic pressure generated is not high enough to concentrate urine and recover nutrients. Urine 
that has been concentrated 5 folds requires a minimum osmotic pressure of 11.62 MPa (Nikiema et al. 2017). It is 
worth mentioning that osmolality of more than 2.5 osmol/kg has been reported using a 0.087 mol/L poly-acrylic 
acid solution (Johnson 2017). In addition, in this study, we observed that with the initial ratio of 1:4 of an MNP-
coating agent, coating ratio saturation could not be confirmed, which suggested that a higher osmotic pressure 
could be achieved by increasing the initial amount of coating agent.  Furthermore, it is already established that 
higher molecular weight PEG generates higher osmotic pressure. Therefore, high-molecular weight coating 
agent, such as PEG 10000, is expected to improve the osmotic pressure of the draw solution. With respect to the 
agglomeration of particles, performing coprecipitation in the presence of a dispersant is likely to reduce surface 
tension of the synthesized particles and lead to the formation of smaller particles, and thus, a higher coating ratio, 
which eventually leads to a higher osmotic pressure.
The relationship between concentration (wt.%) and osmotic pressure for PEG 4000-coated MNPs is illustrated 
in Figure 9. At higher wt.%, higher osmotic pressure was recorded. Further investigation is required to understand 
the relationship between osmotic pressure and the concentration of PEG-coated MNP solution.
2.4. Repetitive use of PEG 4000 MNP-based draw solution
Three FO experimental runs were performed, where the draw solution of PEG-coated MNPs was recovered and 
reused as a regenerated draw solution, assuming no loss of particles had occurred. Figure 10 illustrates the osmotic 
pressure of the draw solution as calculated from flux at each run.  Results show that the osmotic pressure dropped 
from 0.61 MPa to 0.59 MPa in the second run and to 0.57 MPa in the third run. The loss of osmotic pressure was 
not significant. Assuming that the drop proceeds linearly, multiple reuses may be possible. We conclude based on 
our observations that, although there was only a slight drop in the osmotic pressure, repetitive use of the novel 
draw solution is possible. However, an evaluation of its use for several times is required. 
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Figure 10. The osmotic pressure of the regenerated draw solution. 
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Conclusion and Recommendations
This study aimed to synthesize a novel draw solution for concentration of urine via the FO process. In this study, 
we successfully synthesized a novel draw solution made of PEG 4000-coated magnetic nanoparticles. The highest 
osmotic pressure generated by this novel draw solution was 1.37 MPa. At the same concentration level, PEG 4000 
alone generates a lower osmotic pressure. Repetitive use of this novel draw solution revealed that its osmotic 
pressure drops slightly after each use. Our study helps to solve an important challenge hindering the common 
use of the FO system. An easy-to-recover draw solution was prepared that was also free of reverse diffusion. 
However, higher osmotic pressure is needed to concentrate urine. Therefore, although the draw solution cannot 
be used to concentrate urine in its current form, this study offered a better understanding of its synthesis. Further 
investigations are needed to obtain a higher osmotic pressure.
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Abstract
Disease burden due to unsafe water, lack of sanitation, and poor hygiene behavior requires attention. In 
developing countries, poor school hygiene behavior remains high-risk and causes infectious disease among 
students. Safe hygiene behavior such as hand washing with soap can protect children from infectious 
disease. However, a cross-sectional study found the correct rate of hand washing of Chinese people was 
only 4%. Our research evaluated the knowledge, attitudes, and practices (KAP) of sanitation and hygiene 
among school children in the rural area of Northeast China. Participants were 333 groups of students 
and their parents. A questionnaire was used in the participants who reported the score of KAP level of 
sanitation and hygiene. Hand washing skill was checked following a checklist. Observation of sanitation 
facilities at school was also conducted. The questionnaires included participant characteristic, household 
socioeconomic status, and KAP questionnaire. The results of the questionnaires survey showed more than 
80% of students had adequate knowledge of proper hygiene. Although students have sufficient knowledge 
about hygiene, lack of facilities may negatively affect their practice. There was no soap available in 2 
schools, 53% of students reported it affects their hand washing performance at school. The results indicated 
the impact of gender, facilities and knowledge level on behavior. Our findings underscore the need for more 
hygiene education and the improvement of sanitation and hygiene facilities in the area.
Keywords: sanitation, hygiene, KAP, child health, hand washing
Introduction
Disease burden due to inadequate and unsafe water, lack of sanitation and poor hygiene behavior is a significant 
issue (Nath 2009). According to the recent estimates, these 3 factors could prevent 58% of diarrheal deaths among 
children under 5 years of age worldwide per year (WHO et al. 2015). In developing countries, poor school hygiene 
behavior remains high-risk and causes infectious disease among primary school students (Assefa and Kumie 
2014). Intervention studies have suggested that maintaining good hygiene behavior is vital for preventing the 
diffusion of infectious diseases and reducing the risk of child diarrhea and malnutrition (Aiello and Larson 2002). 
For example, simple hand washing with soap helps to protect children from diarrhea and lowers respiratory 
infection (Aiello et al. 2008).
Poor hygiene knowledge and attitudes caused the Chinese citizens’ ineffective use of the sanitation facility. 
Hygiene environment was enhanced in the rural area of China. The coverage of sanitary toilets in the rural area has 
increased from 7.5% in 1993 to 78.5% in 2015 (NHFPC 2016). However, the proper hand washing rate of Chinese 
people was only 4% (Tao et al. 2013). According to the Chinese Center for Disease Control and Prevention, in 
Liaoning Province, 239 cases of infectious disease occurred from 2004 to 2013 were prevalent mostly in primary 
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school (Xu et al. 2016).  
Knowledge and attitudes are some of the measures which are thought to be on the causal pathway to behavior. 
Inadequate knowledge, attitudes, and practices had negative consequences for a child’s hygiene behavior (Scott et 
al. 2007). Thus, to ensure safe hygiene behavior to be implemented, the proper knowledge and attitudes of hygiene 
must be taken into account. However, very few studies have assessed the knowledge, attitudes and practices 
among students towards hygiene behavior in China.
This study examined the current situation of general sanitation and hygiene of children. We identified the 
knowledge, attitudes and practices (KAP) level of hygiene behavior of primary school students in the rural area 
of Benxi, Liaoning Province, Northeast China. This study also investigated students’ demographics, nutritional 
status, household socioeconomic status and the status of sanitation environment at school.
1. Subjects and Methods
1.1. Research area and subjects
This study was carried out from September to October 2018, in the rural area of Benxi, Liaoning Province, 
Northeast China. Data was collected in 2 primary schools. There were 365 students in the 2 schools (211 boys, 154 
girls). Children who were over 13 years old and absent during the investigation period were excluded. Children 
who disapprove this research by their parents were also excluded. The population included 333 healthy primary 
school students (grades 1–6, 6–13 years old) and their parents (25–57 years old, 331 mothers and 332 fathers). 
After explaining the purpose of the survey, all students went through the anthropometric measurements, hand 
washing test, and completed the questionnaires. The purpose of this study was explained to their parents with the 
parental consent letter. Questionnaires of students and parents were administered.
The data from the 2 schools as mentioned above were combined when summarizing the result and discussion. 
Considering the service level of water, sanitation and hygiene in each school are clarified at the same level, the 
same questionnaire and hand washing test were conducted in both schools.  
1.2. Observation
Observations were conducted in 2 primary schools. The service level of water, sanitation, and hygiene (WASH) of 
each school was specified, following the original JMP service ladders for WASH in schools (WHO and UNICEF 2017).
1.3. Anthropometric measurements
The measurement of each item was conducted by the principal author to avoid inter-observer biases. Height 
was measured to the nearest 0.1cm using a stadiometer (Seca 213; Seca, Germany) and body weight to the 
nearest 0.1 kg using a digital weight scale (BC-754-WH; Tanita, Japan). Body mass index (BMI; in kg/m²) 
was calculated based on the height and weight measurements. Height-for-age Z-score (HAZ) and body mass 
index-for-age Z-score (BMIAZ) were calculated based on the WHO AnthroPlus (version 1.0.4) (WHO 2009a). 
According to recommendations by WHO, children with HAZ < -2 were categorized as stunted, BMIAZ < -2 as 
thin and BMIAZ > 2 as obese.
1.4. Questionnaire survey
All the questionnaires were made for 2 specific participant groups.
Questionnaire for parents included birth date, educational background, occupation, monthly household income, 
and the number of family members. 
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Questionnaire for children included demographics (birth date, gender, grade, the diarrhea symptom during the 
past 2 weeks) and KAP questionnaire of sanitation and hygiene. Self-reported questionnaires in Chinese were 
suitable for local contexts. The questionnaire was developed for this study based on various previous studies. 
Questions were in the quest for following information: drinking water, hand washing habits, waste disposal, and 
waterborne disease. The scores were calculated based on the correct answers for each question. Question 14, 15 
and 16 were excluded. Question 1, 3, 8, 9, 10, 11, and 12 were multiple-choice questions. Higher scores indicate 
better knowledge, attitudes, and practices level of hygiene behavior.
1.5. Hand washing skill test 
Hand washing facilities in both schools were in the school toilet (Figure 1). To provide student’s privacy, the 
hand washing skill test was held in a laboratory and a detached room with water taps (Figure 2). 
Researchers provided bar soap and tissues for the hand washing test. Children’s hand washing skill was examined 
following a hand washing skill checklist. The checklist for measuring the hand washing skill was modified based 
on the WHO hand hygiene technique with soap.
 The checklist comprises 11 steps, 1) wet hands with water; 2) apply enough soap to cover all hand surfaces; 
3) rub hands palm to palm; 4) right palm over left dorsum with interlaced fingers and vice versa; 5) palm to palm 
with fingers interlaced; 6) backs of fingers to opposing palms with fingers interlocked; 7) rotational rubbing of left 
thumb clasped in right palm and vice versa; 8) rotational rubbing, backward and forwards with clasped fingers of 
right hand in left palm and vice versa; 9) rinse hands with water; 10) dry hands thoroughly with a single-use towel; 
11) length duration of hand washing. Considering that 40–60 seconds as the duration of the entire hand washing 
procedure recommends by WHO (2009b). The period more than 40 seconds is defined as eligible. One point for 
every step, thus the total score is 11. To reduce mistakes and record more details except the checklist, the whole 
hand washing steps was recorded by a camera and scored based on the recorded video. 
Figure 1. Sanitation facilities of each school. (a) (b) School A toilet, (c) (d) School B toilet.
(Taken by the author)
(a)
(a) (b)
(b) (c) (d)
Figure 2. The place of hand wash skill test. (a) School A, (b) School B.
(Taken by the author)
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1.6. Statistical analyses
Wilcoxon tests were performed to examine differences in the KAP level among gender and grades. The chi-squared 
test was performed to examine differences in hand washing skill test between boys and girls. Stepwise variable 
selection using the increase-and-decrease method was used with a threshold p-value of 0.20, and calculated using 
a likelihood ratio test. Stepwise regression was performed to examine the factors associated with students’ KAP 
scores. A p-value of < 0.05 was considered statistically significant. JMP 14.1.0 software (SAS Institute Japan, 
Tokyo, Japan) was used for all statistical analyses. 
2. Results and Discussion 
2.1. General status of WASH in research area
Drinking water source and sanitation facilities at 2 schools are safely managed. For the drinking water, there 
was a hot water supply room at every floor of the teaching building at school A, where students could get boiled 
water. In school B, students could get water from the drinking water machine with water in tanks at every 
classroom. Both schools’ drinking water was from an improved source, and free from fecal contamination and 
chemical contamination. 
The toilet type was a flush toilet in school A and school B (Figure 1). School A had independent flush toilet. 
However, school B had only timed water flushing system with tanks. Students cannot flush the toilet immediately 
after defecation. Toilet at school B did not have doors and provide the privacy.
There were limited numbers of hand washing facilities in both schools. There were 3 sinks with tap water shared 
by both boys and girls at school A (Figure 3). Toilets for both boys and girls had 1 sink with tap water at school B 
(Figure 3). Neither school had bar soap or liquid soap. No towels, tissues, nor air driers were provided at school. 
Only cold water is available all year round. 
2.2. Characteristics of study participants  
Children’s characteristics are shown in Table 1. The overwhelming majority of students had correct cognition 
of hygiene behavior (Figure 4). Despite the fact that there was no significant difference in KAP score by gender. 
Results of hand washing test showed a significant difference by gender (p < 0.05). Boys performed worse than 
girls in hand washing test. The boys’ average score of the hand washing test met only half of the total score.
Table 2 shows the results of child nutritional status. The HAZ of all students ranged from -3.25 to 3.66, and 
BMIZA ranged from -2.61 to 5.10. The prevalence of stunting, thinness and obesity was 1.5%, 2.7% and 18.9%, 
respectively. The average BMIAZ was between 0 and 1. It showed that the nutritional status of primary students 
was generally good. However, the percentage of stunting, thinness, obesity had gender differences, especially 
obesity in boys may need attention (Figure 2). The obesity prevalence is higher than the nationwide average level. 
Previous studies reported that the obesity prevalence in China was 14.8% in 2010 (Wang 2009). The averaged 
BMIAZ of boys was close to 1. Boys also had a higher prevalence of obesity than girls. 
The characteristics of parents are shown in Table 3. Almost all the parents participated in the research. There 
were 20% more fathers engaging in agriculture than mothers (Table 3). Approximately 15% of the mothers had 
finished senior high school. Compare to the previous study in 85 districts of 10 provinces in China, less mothers 
finished senior high school in this study (Ji et al. 2018).
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Figure 3. Hygiene facilities of each school. (Taken by the author)
(a) School A hand washing facility were out of the toilet, 3 sinks were between men’s and women’s toilet.
(b) School B hand washing facility were in the toilet and one sink for each toilet.
(a) (b)
Characteristics n %
Gender 
   Boy 194 58.3
   Girl 139 41.7
Diarrhea symptoms† 
   Reported 53 15.9
   Not reported 280 84.1
Age
    6 18 5.4
    7 37 11.1
    8 54 16.2
    9 51 15.3
    10 64 19.2
    11 62 18.6
    12 45 13.5
    13 2 0.6
(mean ± SD)
KAP‡ questionnaire total score (range)  (7–26) 16.61 ± 4.05
    Boy 16.44 ± 4.24
    Girl 16.83 ± 3.78
Hand wash skill test total score# (range)  (1–11) 6.38 ± 1.85
    Boy 5.93 ± 1.67
    Girl 7.03 ± 1.91
†Two-week period prevalence. 
‡Knowledge, Attitudes and Practices (KAP).
#Wilcoxon test, p < 0.001.
Table 1. Characteristics of primary school students (n = 333).
Figure 4. The correct responding rate of knowledge on hygiene (n = 333).
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2.3. Knowledge, attitudes and practices level of hygiene behavior among students
Water borne disease, waste disposal and drinking water
The results indicated that knowledge about the waterborne disease was uneven in the research area. More than 
half of the students knew that diarrhea is a waterborne disease, only less than 15% of the students had knowledge 
about fever (Figure 5). The results was in line with a study in Vietnam, the waterborne diseases that was recount 
by children were: diarrhea (62%), parasitic diseases (18.6%), skin diseases (17.6%), eye diseases (11%) and 
gynecological and obstetrical diseases (3.8%) (Sibiya and Gumbo 2013). 
Regardless of the fact that the students did not have comprehensive knowledge of waterborne disease, they did 
better in practices. Most students knew how to prevent water diseases (Figure 4). The students mentioned must be 
boiled before drinking to avoid waterborne diseases. When asked what respondents could do to prevent diarrhea, 
“drinking safe water” was the most popular response, and “eating safe food” was the second most prevalent. 88% 
of students reported that they drink boiled water at school (data not shown). 
The study revealed that most of the students obtained information about hygiene from school, television, 
and internet (Figure 6). This result is due to that students may spend most of their time at school. When they 
Boy Girl
BMIAZ† (mean ± SD) 0.76 ± 1.57 0.17 ± 1.27
HAZ‡ (mean ± SD) 0.43 ± 1.06 0.27 ± 1.18
Stunting (%) 1.03 2.16
Thinness (%) 3.09 2.16
Obesity (%) 25.26 10.07
†Body mass index-for-age Z-scores (BMIAZ).
‡Height-for-age Z-scores (HAZ).
Table 2. Child nutritional status by gender (n = 333).
Table 3. Characteristics of household and parents (n = 333). 
Characteristics n† %
Mother Education background 331
    Completed primary education 74 22.4
    Completed middle education 210 63.4
    Completed senior education 47 14.2
Mother Occupation
    Agriculture 241 72.9
    Non-agriculture‡ 90 27.1
Father Education background 332
    Completed primary education 62 18.7
    Completed middle education 217 65.4
    Completed senior education 53 15.9
Father Occupation
    Agriculture 175 52.6
    Non-agriculture‡ 158 47.4
Family monthly income (CNY)
    ≤ 1500 59 17.7
    1501–3500 147 44.2
    > 3500 127 38.1
†Missing data excluded.
‡Government officials, employee and self-employed.
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reach home, they may spend most of their time watching television. The results in line with the study of the 
urban area in South Africa, school and television are proven to be the most popular sources of information. 
There were disparities between China and South Africa, with rural schools in South Africa obtaining most of 
their information from newspapers (Sibiya and Gumbo 2013). The penetration rates of internet and mobile 
phone in both countries had obvious difference between China and South Africa. According to the report from 
China Internet Network Information Center (CINIC), the internet penetration rate was high in China. The 
number of mobile internet users in China reached 871 million, and the proportion of internet users accessing 
the internet through mobile phones was 98.6% (CINIC 2019). Based on Stats SA’s estimate, South Africa 
reached 40% internet penetration mark in 2017 (WWW 2017). The difference in sources information between 
the rural area of China and South Africa may relate to the economic development of both countries. South 
Africa’s economy has entered recession and the downturn was driven by contractions in agriculture and 
manufacturing industries (Anonymous 2018). However, China’s GDP increased by 6.6% year-on-year in 2018 
to about 90.03 trillion yuan (NBS 2018).
 
0
10
20
30
40
50
60
%
Diarrhea Worms Stomach ache Skin disease Fever Eye infection
Figure 5. The correct responding rate of each waterborne disease (n = 333). 
Figure 6. The different sources of information on sanitation and hygiene (n = 333).
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Hand washing habits 
Hand washing test in the study also revealed that wash hands with soap is a common behavior of students in 
the research area if the soap was available. Step 2 of hand washing test examined using enough soap to cover 
all hand surfaces. The rate of completing the hand washing step 2 was more than 90% (Figure 8). However, 
neither 2 schools provided bar soap or liquid soap in toilet. Limited hygiene facility is a common situation in 
the rural areas of developing countries. Research among Colombian school children reported that only 7% of 
students answered that there is soap regularly available at school (Lopez-Quintero et al. 2009). A UNICEF 
study in Ethiopia found that only 5% of schools had hand washing facilities. Although students had proper 
knowledge of hand washing, lack of the facilities may negatively affect proper hand washing knowledge. In our 
research, most students mentioned the importance of hand washing, indicating a high level of knowledge. The 
questionnaire survey indicated that 86% of students thought that washing hands with soap is one of the most 
effective ways to prevent waterborne disease (Figure 4). Question 16 asked students “If you have any difficulty 
on hand washing at school, what is the reason?”, 53% of students that reported no soap affected their hand 
washing performance at school (Figure 7). Therefore, they could not practice the hand washing knowledge 
they had acquired. 
Figure 8 indicates the rate of completing the hand washing step of students. Focusing on each step, 92.5% 
of students used soap, and more than half students dried hands thoroughly with tissue. The result showed that 
students tend to use tools for hand washing when available. Most children were relatively able to do step 1, 2, 3, 
9, and 10. However, each step was no equally performance. In this regard, none of the children perfectly did all 
10 steps. Half of the students did step 4, 11.4% did step 7, and few students did step 8. Primary school children 
were unable to complete all steps based on following 2 reasons. As the WHO checklist procedure is aimed for use 
in healthcare facilities, it is too detailed for primary school children to achieve at their level fully. This may also 
imply that students had not received proper hand washing education.
Table 4 presents the results of the stepwise regression. Being a male child and a younger child was associated 
with a decrease in the KAP scores. In analyzing the parents’ background, a child with higher educated mother or 
whose father’s occupation was non-agriculture were more likely to had higher KAP scores. The results indicated 
that there were significant relationships between the KAP of students with the parents’ educational level and 
occupation.
The results indicated that gender differences could influence washing hands. The rate of completing the hand 
wash step was lower in boys than girls, which indicated a significant association between gender and hand wash 
behavior (Figure 8). The results are in line previous studies, one study reported that females have better hygiene 
than males in general population (Cruz et al. 2015). It is in agreement with the previous report that female had 
more positive attitudes toward hand hygiene than male (Sibiya and Gumbo 2013). In our research, we divided 
students by gender during the hand washing test. Based on the video content of the hand wash test, we found that 
the girls kept hygiene facilities cleaner than boys. Some boys did not have proper hand washing behavior. They 
forgot to turn off the tap, wiped hands on their clothes, and threw away tissues. The researcher had to interrupt 
the hand washing test because some boys throw away tissues which blocked the drain. The impact of gender 
differences on the hand washing behavior may be due to physical environment. In previous research, the hand 
washing facilities’ cleanliness was strongly associated with hand washing for both genders. In the previous study, 
87% students do not wash their hands after defecation when the washbasins are “dirty”, compared with 36% of 
those in moderately clean facilities and more 69% in sanitary facilities (Curtis 2003). This study content showed 
that the girls always kept the physical environment clean, which coursed them to keep a better hygiene behavior.
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Figure 7. The most important difficulty on hand washing at school among students (n = 333).
Table 4. Factor associated with students’ KAP scores in stepwise regression analysis (n = 333).
Figure 8. Rate of complete the hand washing step (n = 333).
*Chi-squared Test, p < 0.05.
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β t VIF p
Student’s gender† 0.32 6.36 1.02 < 0.01
Student’s age 0.29 5.64 1.06 < 0.01
Mother education level 0.17 3.27 1.03 < 0.01
Father occupation‡ 0.15 2.6 1.41 < 0.05
Mother occupation‡ NS
R2 = 0.23; Root meansquare error = 1.64.
†Boy = 0, Girl = 1.
‡ Parents’ occupation was divided in to Agriculture and Nonagriculture. Agriculture = 0, Nonagriculture = 1. Nonagriculture included government 
officials, employee and self-employed. 
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Summary  
This study revealed the general status of water, sanitation, and hygiene in this area, drinking water source and 
sanitation facilities of primary school in this research area were safely managed, but hand washing facilities like 
taps, sinks and soap were inadequate. 
In general, the nutritional status of children was found to be acceptable because the average BMIAZ of all 
students was between 0 and 1. However, the obesity issue in boys needs more attention continuously. The obesity 
prevalence was higher in boys than girls. Overall, boys were more likely to have a high BMI than girls.
For the knowledge, attitudes, and practices of hygiene research, most of the participants were found to have 
a correct understanding of those questions. However, only the knowledge of the waterborne disease found to be 
inadequate. Although students knew little on specific waterborne disease, they had high scores in the practices 
of this part. Several limitations are considered in the questionnaire survey. Students’ self-reported questionnaire 
may have resulted in over-reporting of proper hygiene practices. In future studies, researchers should attempt to 
mitigate this limitation by including objective methods examined students’ hygiene behavior.
This study also detected the impact of gender, sanitation facilities and knowledge level on hygiene behavior. 
Although participants had sufficient knowledge of hygiene, a lack of hand washing facilities may negatively affect 
proper hygiene practices. Students had excellent completion rate in hand washing step1–3. However, we found 
a gradual decline in the completion rate of the following step. It was caused by the students had not received the 
proper education of hygiene and hand washing skill. Cleanliness of the physical environment was associated with 
hand washing practices for both boys and girls. Overall, girls have a better sense of hygiene behavior and keep 
cleaner environment than boys.
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